The timing of snowmelt is an important turning point in the seasonal cycle of small Arctic catchments. The TerraSAR-X (TSX) satellite mission is a synthetic aperture radar system (SAR) with high potential to measure the high spatiotemporal variability of snow cover extent (SCE) and fractional snow cover (FSC) on the small catchment scale. We investigate the performance of multipolarized and multi-pass TSX X-Band SAR data in monitoring SCE and FSC in small Arctic tundra catchments of Qikiqtaruk (Herschel Island) off the Yukon Coast in the Western Canadian Arctic. We applied a threshold based segmentation on ratio images between TSX images with wet snow and a dry snow reference, and tested the performance of two different thresholds. We quantitatively compared TSX-and Landsat 8-derived SCE maps using confusion matrices and analyzed the spatiotemporal dynamics of snowmelt from 2015 to 2017 using TSX, Landsat 8 and in situ time lapse data. Our data showed that the quality of SCE maps from TSX X-Band data is strongly influenced by polarization and to a lesser degree by incidence angle. VH polarized TSX data performed best in deriving SCE when compared to Landsat 8. TSX derived SCE maps from VH polarization detected late lying snow patches that were not detected by Landsat 8. Results of a local assessment of TSX FSC against the in situ data showed that TSX FSC accurately captured the temporal dynamics of different snow melt regimes that were related to topographic characteristics of the studied catchments. Both in situ and TSX FSC showed a longer snowmelt period in a catchment with higher contributions of steep valleys and a shorter snowmelt period in a catchment with higher contributions of upland terrain. Landsat 8 had fundamental data gaps during the snowmelt period in all 3 years due to cloud cover. The results also revealed that by choosing a positive threshold of 1 dB, detection of ice layers due to diurnal temperature variations resulted in a more accurate estimation of snow cover than a negative threshold that detects wet snow alone. We find that TSX X-Band data in VH polarization performs at a comparable quality to Landsat 8 in deriving SCE maps when a positive threshold is used. We conclude that TSX data polarization can be used to accurately monitor snowmelt events at high temporal and spatial resolution, overcoming limitations of Landsat 8, which due to cloud related data gaps generally only indicated the onset and end of snowmelt.
Introduction
The evolution of snowmelt is a crucial component in the seasonal cycle of Arctic ecosystems; affecting temporal and spatial patterns of hydrology, vegetation, and biogeochemical processes. Snow also influences the ground thermal regime by insulating permafrost-affected soils from cold temperatures in winter and from warm temperatures in spring [1] [2] [3] . Deeper and prolonged winter snow cover can increase permafrost temperatures and over time can lead to increased active layer thickness, soil nutrient availability, and shifts in vegetation composition [4] [5] [6] [7] . Late lying snow patches affect the soil moisture content and thermal properties of the active layer late in the season and create unique vegetation communities beneath and in their vicinity [8] . Both prolonged winter snow and late lying snow patch dynamics directly affect heterotrophic soil respiration and consequently carbon cycling [6, [9] [10] [11] [12] [13] .
The time between the onset and end of snowmelt initiates the hydrological year, drives vegetation phenology, and marks an increase in soil biogeochemical activity [14] [15] [16] . In small Arctic catchments, snowmelt is often the most important hydrological driver and generates the majority of annual discharge [17] . The timing of snowmelt, as opposed to temperature, also drives the onset of vegetation phenology and influences subsequent phenological phases and overall fitness of individual plants [18, 19] . On a regional scale, spring snow cover in May and June in the Northern Hemisphere has decreased drastically in the last 30 years following trends of increasing air temperatures and reductions in sea ice extent and duration [20] . On a local scale, changes in winter precipitation in the Arctic are expected to be highly variable in space and time [21] . The spatial variability of snow cover extent (SCE) and the temporal variability of snowmelt, expressed on a catchment scale through changes in fractional snow cover (FSC), is inherently high due to low vegetation and snow redistribution by strong and prevailing wind patterns [22, 23] . Adding to the uncertainty in changes to SCE and snowmelt is the observed expansion of tall shrubs across the Arctic, which will greatly impact the distribution and depth of snow [24, 25] . Consequently, the monitoring of snowmelt at high spatial (30 m) and temporal scales (daily) is important to better understand the impacts of changing SCE on the abiotic and biotic functioning of small catchments in a rapidly changing Arctic. In situ knowledge about snow properties such as snow depth, snow density and the snow water equivalent at the time of image acquisition, are important parameters when undertaking snow related microwave satellite studies [26] . However, the snowmelt period is a logistically challenging time in Arctic regions to conduct in situ work because of unstable sea and river ice conditions as well as very wet ground surfaces due to snowmelt and permafrost thaw.
Currently, in Arctic regions there is no operational product available that captures snow cover in simultaneously high temporal and spatial resolution. Snow cover products from remote sensing data sources are predominantly derived from optical and microwave sensors. To detect snow, optical sensors rely on the high proportion of reflected radiation in the visible spectrum in contrast to the very low reflection in the near infrared part of the electromagnetic spectrum. Common optical sensors for snow cover retrieval include the Moderate Resolution Imaging Spectroradiometer (MODIS), the Advanced Very High Resolution Radiometer (AVHRR), and the Landsat series [27] . MODIS has a spatial resolution of up to 250 m and theoretically delivers a daily snow product. AVHRR also delivers daily snow cover information with a 1 km spatial resolution. Landsat 8 acquires imagery at a spatial resolution of 30 m and with a revisit time of 16 days [28] . The theoretical temporal resolution of MODIS and AVHRR would be sufficient to track the temporal dynamic of snowmelt, but their spatial resolution is not sufficient to capture snowmelt at the small Arctic catchment scale. Landsat 8 offers a spatial resolution sufficient for analysis at the small catchment scale and in Arctic regions converging satellite orbit paths increase the temporal resolution, which would allow monitoring of the highly dynamic phenomenon of snowmelt [29] . However, the retrieval of snow cover from optical sensors in Arctic regions is often challenging due to complete and fragmented cloud cover which introduces gaps in the time series or errors in snow detection [30] . This limits optical time series spatially and temporally, consequently prohibiting fine-scale mapping of the rapid and spatially variable phenomenon of snowmelt. Microwave satellite systems operate largely unaffected by atmospheric distortions from water vapor and clouds and also are independent of solar illumination; as a result they can acquire data at all times. Passive microwave systems can detect snow cover and snow properties at high temporal resolution [31] , but the acquired imagery is at a coarse km scale spatial resolution, which is unsuitable for small catchment analyses. Recent active microwave satellite missions operating in Synthetic Aperture Radar (SAR) modes can obtain imagery in sufficient spatial and temporal resolution for small catchment based analysis.
The German active microwave TerraSAR-X (TSX) satellite mission has high potential to address the temporal limitations of operational optical and spatial limitations of other microwave missions by reliably providing imagery in high spatial and reasonable temporal resolution through combining different orbits and viewing geometries. The TSX satellites operate at a polar sun-synchronous orbit with an orbital revisit time of 11 days during which they revisit the same orbital location two times with the same viewing geometry. Satellite missions with polar orbits in general have a higher density of orbits and resulting coverage in Arctic regions because the flight paths converge from the equator to the poles. A fixed antenna beam is used to acquire imagery in the StripMap imaging mode of TSX at a spatial ground range resolution of 1.7 to 3.5 m with incidence angles between 20° and 45°. In the StripMap mode the swath has the dimensions of 30 km and up to 1500 km in cross track and alongtrack, respectively [32] . TSX is a SAR system that emits pulses in the microwave length of the electromagnetic spectrum, which propagate through the atmosphere. The SAR antenna receives the pulse echoes after being scattered by objects on the Earth's surface, transmitting the physical structure and dielectric properties of the surface. The amplitude of these echoes determines the backscatter intensity and can be used to describe and classify different surfaces. However, a prominent feature of SAR imagery is the speckle effect which introduces a variation to the image texture in a granular pattern that does not arise from the imaged surface but from the SAR system itself. This signal is often regarded as unwanted noise and makes averaging necessary to retrieve the actual mean backscatter amplitude of the surface.
Air, ice and at times liquid water make up a snowpack. The main parameters differentiating the backscatter of dry snow and soil background is the mass of snow or snow water equivalent (SWE), the size of the snow grains, and the roughness and dielectric properties of the soil [33, 34] . As air does not influence the transmitted microwave signal [35, 36] , the propagation and backscatter of microwaves from a snowpack depend on the dielectric constants of ice and water, which are very different and can be used to map snow volume and cover [37, 38] . In general, wet snow is easily classified due to free water within the snowpack strongly attenuating the microwave signal [39, 40] . The ability of X-band SAR systems like TSX or COSMO-SkyMed to map wet snow due to attenuation of the microwave signal by free water within the snowpack, has been widely reported [38, [40] [41] [42] [43] . The presence of wet snow in a snowpack is indicative of the onset of snowmelt and, therefore, offers an opportunity to monitor snowmelt dynamics in high spatial and temporal detail.
In addition to wet snow detection, re-freezing of snow layers can be detected using SAR data. Previous research has shown that the formation of ice crusts is highly visible in Ku-Band data [44] [45] [46] . A metamorphism of snow crystals due to compaction, sintering and temperature change, in turn influences the dielectric properties of the snowpack. During the snowmelt period, diurnal changes in temperature from below to above freezing can result in the formation of ice layers and can greatly influence backscatter signals [47] . The detection of both wet snow and ice crusts by SAR data expands the utility of this approach in monitoring snow melt dynamics in the Arctic which are strongly affected by diurnal temperature changes and, therefore, ice layer formation.
Our research goal is to resolve the spatiotemporal patterns of the highly dynamic seasonal snowmelt in small Arctic catchments by combining time-series of multi-orbit and multi-polarization TSX data with optical remote sensing data and in situ observations. We investigate snowmelt dynamics of 3 years in small Arctic catchments at the long-term Canadian Arctic terrestrial observatory Qikiqtaruk (Herschel Island) that is also part of the World Meteorological Organization's Polar Space Task Group initiated TSX long-term monitoring dedicated to permafrost applications [48] . We address the following research questions: (1) How does TSX perform in mapping SCE in small Arctic tundra catchments compared to Landsat 8 optical satellite data; (2) How does TSX resolve temporal dynamics of snowmelt compared to in situ observations, and (3) What are the spatiotemporal dynamics of fractional snow cover from 2015 to 2017 in the small catchments of Qikiqtaruk? In order to answer these questions, we performed a quantitative comparison of snow cover extent (SCE) from Landsat 8 with SCE products derived from three different TSX polarizations at different incidence angles. In a second step, we validate catchment based FSC derived from TSX and Landsat 8 with in situ observations and relate the results to catchment characteristics.
Study Area
Qikiqtaruk (Herschel Island; 69°34′N; 138°55′W) is located off the northwestern Yukon coast in the Western Canadian Arctic, approximately 2 km from the mainland (Figure 1 ). The climate of Qikiqtaruk is polar continental with mean annual air temperatures between −9.9 °C and −11 °C and mean annual precipitation between 161 and 254 mm year −1 [49] . The dominant wind direction is northwest and storms are frequently observed in late August and September [50] . The island is characterized by rolling hills with a maximum elevation of 183 m above sea level and a polygonal tundra that is dissected by a variety of different valley types [51, 52] . There is only one larger water body in the center of the Island, referred to by the local community as Water lake. The vegetation on Herschel Island belongs to the lowland tundra and can be assigned to subzone E of the circumarctic vegetation map (CAVM) [53] or the Low Arctic, respectively [54] [55] [56] . The lowland tundra vegetation type makes up the majority of the Arctic tundra. The vegetation is dominated by graminoids and dwarf shrubs, with a relatively species-rich forb flora and a well-developed moss layer [55] [56] [57] . The sediments are unconsolidated and mostly fine-grained glacigenic material with marine origin [58, 59] . The thickness of the active layer generally ranges between 40 cm and 60 cm in summer, depending on topography [60, 61] . Permafrost on Qikiqtaruk is continuous and can be extremely ice-rich with mean ice volumes ranging between 30 and 60 vol%, and up to values >90 vol%, when underlain by massive ground ice beds [62] [63] [64] [60] .
Seasonal snow cover typically starts to develop in September and lasts until June. Most snow falls in autumn before sea ice forms and when the ocean still provides a source of liquid water [60] . During winter, strong winds from northwest or northeastern directions affect the snow distribution. Because the tundra vegetation on elevated areas is sparse and trapping capacities are low, the strong winds blow much of the upland surfaces clear of snow and consequently large snow drifts develop in topographic depressions such as valleys and gullies [49] . These snowdrifts can last through the summer, in particular when protected from melting by an insulating layer of plant detritus. This layer can develop during winter when the strong winds transport and deposit plant detritus together with snow.
Ramage et al. [65] identified 40 hydrologic catchments on Qikiqtaruk Island that drain into the surrounding ocean. Our study focuses on the catchments around the Ice Creek catchment in the southeastern part of the island (Figure 1 ). The Ice Creek catchment consists of two sub-catchments each approximately 1.5 km 2 in size and draining from north to south into a fluvial plain. The maximum height of the catchment is 95 m above sea level in the north. Both catchments are cut by smaller valleys and gullies and characterized by rapid gully erosion as well as mass movements ranging from solifluction to rapid active layer detachments [66] . The occurrence of ice-rich permafrost and permafrost disturbances on the island as well as its location in the lowland tundra type and the long-term ongoing research make Qikiqtaruk a representative study site with respect to the pan-arctic scale.
Data & Methods
In order to create maps of snow cover extent (SCE) and fractional snow cover (FSC), we used dense time-series of TSX as well as Landsat 8 imagery as input and in situ time-lapse camera as well as meteorological data for the assessment of TSX derived SCE and FSC. The workflow that we followed is presented in Figure 2 .
SAR Satellite Data
We used dual cross-(VH/VV) and co-polarized (HH/VV) multi-orbit TSX time-series with acquisition dates between April and July from 2015 to 2017. TSX uses a right looking active phased array antenna that operates at an X-Band center frequency of 9.65 Ghz with an orbital revisit time of 11 days. Using multi-orbit data from ascending and descending orbit headings allowed us to increase the revisit time to observe snowmelt in high temporal resolution. The incidence angles of the orbits at the image scene center varied between 25° and 39° with varying pixel spacing between 1.9 to 2.8 m in range and 6.6 m in azimuth. Though shadowing and layover can affect the quality of TSX data, the relief of Qikiqtaruk is low, meaning the influence of layover and shadow is generally minimal inland. We masked out the coastal areas with the steep cliffs since they are not representing delineated catchments and could introduce errors of shadow and layover. Examples of TSX backscatter and Landsat 8 images are shown in Figure 3 . 
Optical Satellite Data
We used all available cloud-free Landsat 8 imagery from 2015 to 2017 between the months of April and July. In total, we used 20 Landsat 8 Operational Land Imager (OLI) acquisitions downloaded in processing Level-1 TP. Level-1 TP is the Standard Terrain Correction of the Landsat products, including radiometrically calibrated images that were orthorectified using ground control points and digital elevation models. We downloaded all acquisitions using the bulk download application from the USGS earth explorer service. The Landsat 8 OLI visible, near-infrared and shortwave infrared bands have a 30 m spatial resolution. We created quasi-true RGB composite imagery from every acquisition as a visual reference and additionally used the green and short wave infrared bands for SCE generation (see section "Snow Cover Extent generation from Landsat 8").
In situ Time-Lapse Camera Data
Time-lapse cameras were set up in the framework of the Helmholtz Young Investigators Group "COPER" and the "ShrubTundra" research projects in the spring of 2016 and 2017 as part of ongoing hydrological and phenological monitoring on the island. Five cameras acquired images at an hourly resolution in a northward facing aspect with a landscape field of view. One camera was set up for monitoring a hydrological flume at the outlet of the western Ice Creek catchment and acquired imagery at a three hourly resolution from the 24 th of April to the 20 th of July 2016 (Camera ID: TL2). Four phenological cameras (PC) were set up for the monitoring of phenology of vegetation communities at locations around the Ice Creek catchment (Camera IDs: PC2, PC3, PC5 and PC6). While camera TL2 represents snow dynamics of deeply incised valley locations, cameras PC2, PC3, PC5 and PC6 represent snow dynamics of upland tundra topography and vegetation of Qikiqtaruk. The time-lapse camera data were used for a ground based quality assessment of a TSX derived FSC time series. Photos that correspond to the TSX acquisition dates and time of day were used in the analysis when available, otherwise the closest date and time were chosen. The greatest difference between photos and TSX acquisition was a single day. The cameras were subject to disturbance by wildlife, active layer thaw and weather and, therefore, were not always operational, causing data gaps up to several days. Because of the remoteness of the study site, detailed in situ data on snow properties were not available to assess the impact of snow genesis on the backscatter signal. The time lapse cameras that we use for estimation of snow cover extent are a cost-effective tool in this environment. Visual estimations of percent cover are a common approach in ecological studies [67] . The results present very valuable insights into the melt dynamics in the camera footprint that could not be obtained otherwise and can be related to the satellite based measurements.
In addition, meteorological records from an automated weather station run by Environment Canada on Simpson Point on the southeastern spit of the island (World Meteorological Organization ID: 715010) were used to assess the FSC time series in 2015, 2016, and 2017. The data is available at a daily temporal resolution, recording mean, minimum and maximum daily air temperature.
Snow Cover Extent from TerraSAR-X
To generate SCE maps from TSX we adapted the workflow suggested by Nagler and Rott [40] and calculated ratio images of backscatter intensity calibrated to radar brightness in sigma nought (σ0) as well as speckle-filtered, see details below, between an averaged dry snow reference image from TSX winter scenes (See Table S1 ) and melting snow scenes from spring/summer with the same orbital configuration. The reduced backscatter signal of melting snow, as well as the increased backscatter of frozen ice layers, is the basis for a threshold segmentation that efficiently differentiates between wet snow or ice layers and dry snow or no snow. While this method was originally developed for C-Band of ERS-1 data and was further improved and adapted for ERS-2, RADARSAT-1, ENVISAT ASAR and Sentinel-1 data [40, 68, 69] , it was also applied for X-Band data from TSX and COSMOSkyMed data [38, 70, 71] .
The backscatter intensity of images acquired during the spring show notable differences between acquisitions caused by drifting sea ice and snowmelt that reduce the quality of coregistration when using cross-correlation. For a given acquisition orbit, all images therefore were coregistered to sub-resolution accuracy with respect to a pre-selected master image using the highly accurate orbital information from TSX and ellipsoidal heights. In order to avoid early season effects of snowmelt with resulting high soil moisture variations and beginning vegetation dynamics, we chose mid-summer acquisitions (July) as the master images when environmental conditions had stabilized.
By applying 3 × 9 multilooking to the intensity images, we address the speckle effect inherent to SAR imagery obtaining a roughly square pixel size of around 20 m (Table 1) . We further reduced the effect of speckle by applying a Lee filter with a window size 5 × 5 pixel [72] . We tested the Lee [72] and Frost [73] filters to address the speckle effect within the intensity images for their performance for SCE generation. Figure 4 shows the optical reference data from Landsat 8 and the results from TSX with a two-day-later acquisition date and differing filter techniques. The differences between the Frost and the Lee Filter were insignificant; however, the processing time for the moving window calculation of the Frost filter was much longer. We therefore decided to use the Lee Filter with a 5 × 5 window for all SCE generation, since it satisfactorily removes speckle related effects from the SCE maps. We computed the σ0-ratios between the melting snow images and the dry snow reference separately for each polarization channel before transforming the ratio images to logarithmic scale (dB). We then geocoded the ratio images using the intermediate DEM product from the TanDEM-X mission with a spatial resolution of 12.5 m and a vertical accuracy of 2 m [74] . The DEM was created by DLR using several TerraSAR-X scenes from winter 2010 and 2011 and the Height Error Map provided with the DEM product states a mean error of 0.72 ± 0.2 m within the area of the hydrological catchments. We tested the application of two thresholds on TSX ratio images. We first used a threshold of −2 dB for VH and HH and −2.3 dB for VV data as reported in Schellenberger [39] , with values below the threshold showing the presence of wet snow. We also applied a threshold of 1 dB on all TSX ratio images, with values below 1 representing the presence of snow with ice layers. We filtered the thresholding results using a median filter with a window size of 5 × 5 pixels.
Snow Cover Extent from Landsat 8
We applied the spectral band ratio of the Normalized Difference Snow Index (NDSI) to generate SCE maps from Landsat. The NDSI is a commonly applied ratio index for snow detection from optical sensor data [75] , using the contrast in the visible green versus the shortwave infrared band reflectance. We applied the NDSI with OLI bands 3 and 6, and the threshold technique with NDSI > 0.4 to binary-classify snow presence and absence with greater or less than 50% snow cover at pixellevel, respectively [76] . In optical remote sensing pixels with NDSI values greater than 0.4, they have been found to be more than 50% snow covered [77] .
Accuracy Assessment of TerraSAR-X Snow Cover Extent
Confusion or error matrices are commonly used to assess the quality of classified spatial data from different data sources, at the same time [78] . In order to estimate the quality of TSX derived SCE, we created confusion matrices between a TSX SCE and the corresponding Landsat 8 SCE. We chose corresponding Landsat 8 SCE with acquisition dates not further apart than ±3 days from the TSX SCE. We used 5000 accuracy assessment points for every pair, which were proportionally distributed between the classes of "snow" and "no snow" in a stratified random approach. We averaged the final results from 100 iterations of this accuracy assessment. The results include the users, producers and overall accuracies. These values give an indication of the reliability of the TSX maps, with users accuracy indicating that TSX is detecting snow where Landsat 8 does not, and producers accuracy indicating that TSX is not detecting snow when Landsat 8 is, overall accuracy is a weighted measure that indicates the general occurrence of errors.
Fractional Snow Cover Time Series Analysis
We calculated the fractional wet snow cover (hereafter referred to as FSC) from the generated SCE maps in percent (%) for (1) all small catchments on the island and (2) for the entire island by merging all individual catchments into a single area. We resampled and aligned the TSX SCE to the 30 m spatial resolution of the Landsat 8 SCE. The footprints of the TSX orbits 152, 137 and 24 do not cover the entire western part of the island. We calculated the fraction of snow pixels within a catchment for every SCE with regard to the total number of pixels within the catchments. We used the WGS UTM Zone 7N coordinate system for all map outputs. To validate the time series of TSX FSC, we analyzed in situ data from the time lapse cameras in and around the Ice Creek catchment (Table S2 ). For each time-lapse image, the snow cover within the field of view was estimated interactively by an independent visual interpretation of the photo by three different individuals. We then averaged the three estimations for every image acquisition. Additionally, for the cameras observing phenology in 2017 we averaged the estimations of the four available cameras per date in order to obtain a valid representation of the upland tundra type of the island.
Results

Evaluation of Backscatter Time Series
The variation of backscatter in winter and spring at a site within the Ice Creek catchment is shown in Figure 5 . Variations of backscatter before May in the expected pre-melt phase are small. In all years and polarizations, a drop of backscatter intensity is recorded in early to mid-May during expected peak snowmelt. This is followed by a strong and rapid increase of backscatter that goes above the backscatter signature of the stable pre-melt phase. 
Evaluation of TSX Snow Cover Extent
The visual assessment of the TSX derived SCE from two different thresholds and from three polarization channels demonstrates the influence of polarization in X-Band on the application of monitoring SCE in an Arctic environment ( Figures 6-9 and S1-S6). Quantitative comparison of seven VH-, eight VV-and 15 HH based TSX derived SCE maps with paired optical SCE maps showed that the VH polarization channel performed best and most consistently in detecting snow cover during the snowmelt period ( Table 2) . We achieved the highest overall accuracies when using VH polarized images. The incidence angle and time difference between paired TSX and optical acquisitions did not show a clear effect on the overall accuracy. The overall accuracy of the SCE maps from VH data generally showed a higher agreement later in the snowmelt season except for the TSX acquisition from the 10 th of May 2016. The other polarizations did not show a clear influence of time on the overall accuracy of SCE (Table 2) . Table 2 . Confusion matrix results from the comparison of TerraSAR-X and Landsat 8-derived SCE during snow melt for the three polarizations and for the two applied thresholds (TH) −2 and 1 dB. U = Users accuracy, P = Producers accuracy, O = Overall accuracy. Results from confusion matrices before snow melt are shown in Table 3 . The correspondence between optical and TSX derived SCE is very low for the users accuracy and high for the producers accuracy (Table 3) . Table 3 . Confusion matrix results from the comparison of TerraSAR-X and Landsat 8-derived SCE before peak snow melt for the three polarizations. U = Users accuracy, P = Producers accuracy, O = Overall accuracy. The results of SCE maps from optical and TSX data are presented in the following, with Figures  6 and 7 showing SCE maps derived from thresholds −2 dB and Figures 8 and 9 showing the results from the threshold 1 dB. The SCE maps from orbit 61 and 115 generated from the literature derived thresholds of −2 and −2.3 dB for VH and VV polarizations, respectively, showing a strong under estimation of TSX SCE compared to Landsat 8 SCE (Figures 6 and 7) . Figure 6 is the comparison of VH and VV from orbit 61 from May 18 th to 20 th and demonstrates a clear underestimation of SCE. Wet snow cover was detected in low-lying areas in the delineated catchments in late May (Figure 8 , second row). In Figure 7 , the orbit 115 also shows a strong underestimation of SCE very similar to orbit 61. Snow is detected only in low-lying valley areas in late May. The pre-melt snow cover images in from 11 May 2016 demonstrate the invisibility of the dry snow cover in TSX for both thresholds. The comparison of TSX derived VH polarized SCE maps using the 1 dB threshold from orbits 61 and 115 and optical derived SCE maps highlight the spatial patterns of agreement between the two data sources (Figures 8 and 9 ). (Figure 8, second row) . The later stage snowmelt maps also show good agreement between TSX and optically derived products (Figure 8, third row) . The general pattern of overestimation of VV is evident in all VV polarized SCE maps in Figure 8 and also in Figure  9 .
In Figure 9 , the 25 May 2015 Landsat 8 SCE map shows several elongated snow banks remaining on the island. The corresponding TSX result from a day earlier shows the same pattern in VH but additionally detects what appears to be wet snow patches with a more scattered distribution on the western part of the island. The VV channel again shows strong overestimation of SCE almost in all areas of the island. The early melt, as shown in the second row of Figure 9 , is not captured well by TSX in both polarizations, while the overall accuracy is considerably higher in the late snowmelt season of 2016. 
Time Series of Fractional Snow Cover in All Catchments
Building on the results of the accuracy assessment, all orbits with VH polarization were chosen to examine the snowmelt dynamics in 2015, 2016, and 2017. Figure 10 shows a time series of FSC products calculated for the unified catchment area from Landsat 8 and VH polarized TSX derived SCE using the threshold of 1 dB as well as the corresponding minimum, mean and maximum daily air temperatures. In all three years, the TSX derived FSC showed good agreement with the optical Landsat 8 FSC and both data sources show a typical snowmelt pattern with increasing air temperatures ( Figure 7) . The agreement between TSX and Landsat 8 FSC data was lowest early in the snowmelt period (April to early May). Due to the independence of TSX to atmospheric conditions and cloud cover, the temporal resolution of TSX was higher in all years particularly in the phase of rapid snow cover decline from mid-May to June. In 2015, the TSX FSC was below 50% in the beginning of May and increased to 75% in mid-May when there was no Landsat 8 acquisition. Maximum air temperatures were above 0 °C early in mid to late-April before falling below around −5 °C for about 2 weeks, which corresponds to low snow cover observed by TSX in early May. Both TSX datasets show an increase in FSC followed by a sharp drop to around 10% FSC at the beginning of June followed by a slow gradual decrease of FSC to 0% in July, which is visible in all datasets. In 2016, both TSX orbits showed nearly 100% FSC within the catchment areas in the beginning of May. TSX derived FSC calculated from orbit 61 then showed a strong gradual decrease to around 25% at the end of May while FSC calculated from orbit 115 showed a sharp drop to around 25% in early May. The FSC derived from Landsat 8 imagery shows a sharp drop from 100% FSC in early to about 30% in mid-May. In the late stage of snowmelt, all datasets show FSC of approximately 5%. The air temperature in 2016 was stable around 0 °C for almost the entire month of May, but shows two peaks in early and mid-May that correspond to sharp drops in snow cover in Landsat 8 and TSX orbit 61. Figure 11 shows the time series of fractional snow cover in the Ice Creek catchment in 2016 as captured from different data sources. The six available acquisitions from Landsat 8 show the beginning snowmelt after the 9 th of May with a sharp drop to about 50% within a week and a more gradual retreat of the snow cover to about 5% by the 27 th of June. The SCE from orbit 61 recorded wet snow on the 9 th of May at about 85% and showed a reduction of FSC at a relatively constant rate to about 20% in 3 weeks by the end of June. An increase of FSC to 30% is recorded with the next acquisition in early June, followed by a reduction to about 10% around the 20 th of June followed by a slow decrease to 5% or less by the end of June. The SCE from orbit 115 shows a rapid decrease in FSC from around 80% to about 20% in a little more than a week between the 29 th of April and the 9 th of May. This coincides with the presented results in Figure 10 for the entire island and below 0 °C minimum air temperatures and the morning acquisition of this orbit. A slight increase to around 25% FSC is followed by a gradual decrease to less than 5% by the end of June. The in situ imagery, collected in the lower end of the ice creek valley within steeper valley topography, show snowmelt beginning around the 9 th of May and a decrease of FSC to about 60% around the 17 th of May in less than 2 weeks.
Time Series of Fractional Snow Cover in Three Small Catchments
After that, FSC decreases at a faster rate to about 25% in only a few days before a more gradual melt reduces FSC to 0% on the 1 st of July. Dates on the x-axis show month-day. Time-lapse imagery is from Camera TL2 and is located in the lower Ice Creek. It's location (red dot) and viewing direction (red line) is indicated in the inset map on the lower right. Please note that the camera was unstable and moved between images because of ground thaw. Please note that the acquisition time of orbit 115 is in the morning, potentially affected by refreezing snow layers in early May. Figure 12 shows the FSC time series for the year 2017 of a small catchment southeast of Ice Creek as observed from in situ Landsat 8 and TSX data. The Landsat 8-derived FSC is mainly from before or after the main snowmelt period. Therefore, the decrease in FSC appears gradual between the 1 st of May and the middle of June from 100% to below 25. The TSX derived SCE from orbit 61 detects wet snow cover in early June with an FSC of approximately 60% and decreases until the end of May gradually to about 20%. Until the end of June, the FSC further decreases at a lower speed to about 5% and to 0% until the end of July. The in situ data collected from time lapse cameras that represent only upland areas of the watersheds show a rapid decrease in FSC from 80% to 20% in the first 2 weeks of May. At the end of May, FSC is below 5% and by early June no snow is detected. 
Discussion
Spatiotemporal Monitoring of Snowmelt Dynamics Using TSX
The agreement between TSX and Landsat 8-derived SCE products supports X-Band SAR data as a complementary gap filling data source for detailed spatiotemporal monitoring of snowmelt dynamics at both the landscape and Arctic catchment scale. Overall, the cross polarized VH channel performed best in detecting wet snow and ice layers and also detected late-lying snow patches in protected areas. The better performance in the late season is likely due to ice crystals caused by compaction in the snow pack at this stage of melt. This indicates that the contribution of snow backscatter signals prevails within a pixel late in the season in SAR systems while the optical snow detection capabilities decrease with lower snow albedo and greater vegetation contribution within a pixel later in the season. This is an advantage of a high spatial resolution SAR system over a high resolution optical system for mapping late lying snow patches that are often located in steep topographic areas and create unique abiotic and biotic conditions [79] .
Our results suggest that the extraction of wet snow alone is not sufficient to monitor Arctic snowmelt in Qikiqtaruk. The previously documented threshold of −2 dB for VH polarized imagery showed a strong underestimation of SCE when compared to the Landsat SCE [39] . We therefore suggest that the extraction of frozen ice layers is also required to accurately estimate snow cover [80] . A threshold of 1 dB, which includes both wet snow (negative ratio) and ice layers (positive ratio), seems to be a more appropriate threshold in Arctic ecosystems. The threshold of 1 dB may also result in the inclusion of noise in the SCE maps and a slight overestimation; however, the accuracy is notably better than mapping wet snow alone as the qualitative comparison with the Landsat SCE shows. The TSX product is delivering a wet and frozen snow product. This provides the potential to not only detect snow but also through the use of multiple thresholds, differentiate between the types of snow present.
The TSX data provides a significantly higher temporal resolution than that available with Landsat 8 data alone, revealing the rapid advancement of snowmelt shortly following onset. This provides a better temporal picture of snowmelt dynamics than what can be derived from optical data, which due to cloud cover and subsequent data gaps, generally indicate only the onset and end of snowmelt. A more complete picture of snow cover and snowmelt timing provides an opportunity to better understand the impacts on hydrology, vegetation, active layer and permafrost thermal regimes.
At the catchment scale, two different snowmelt dynamics were observed simultaneously with in situ and TSX data. In a representative area of the Ice Creek catchment with greater topographic variation including steeper slopes and late-lying snow patches, TSX data showed high correspondence to fractional snow cover estimates from time lapse cameras (Figure 11 ). Both datasets in these steeper topography catchments showed rapid snowmelt followed by a slower snowmelt when only the snow patches remained. When selecting a catchment type with less steep topography characteristic of upland tundra, the TSX FSC time series again showed correspondence to time-lapse imagery with a rapid advancement of snowmelt ( Figure 12 ). Snow patches were also present in the upland tundra and, therefore, prolonged the FSC signal.
On the 9 th of June 2016, the time lapse imagery within the lower Ice Creek catchment showed dense fog for 9 hours with no traces of snow on the ground after the fog lifted. The TSX SCE from that date ( Figure 13 ) suggests that new snow cover developed in the upper catchment of the ice creek at higher elevation above the time lapse camera location. This highlights the ability of TSX to potentially capture short-lived snowfall events. Short-term freezing and snowfall events in the spring time can negatively impact early vegetation development and greatly impact hydrological discharge of Arctic catchments and are therefore ecologically important [16, 81] . 
Technical Considerations for Using TSX for Wet Snow Detection
While our method improves the temporal resolution of snowmelt patterns, it faces potential limitations in low Arctic tundra environments. In the later phase of snowmelt, the HH and VV TSX derived FSC were highly variable compared to the Landsat 8-derived FSC. The observed variability indicates that both channels react to other surface features. Nagler et al. [69] also reported lower accuracies of VV compared to the VH channel in C-Band, an effect likely connected to low local incidence angles. In our study, the strong overestimations in VV are also likely influenced by local topography as the areas of false snow detection are predominantly on the flat tundra uplands on the western part of the island. These flat upland areas are likely the first to melt out, highlighting the sensitivity of VV to non-snow surface properties. Limitations in wet snow detection with the VVpolarized X-Band channel has been shown previously with false detection of wet snow in areas of water and (water saturated) bare ground [82] . Additionally, while all polarizations will react to attenuation of the microwave signal in wet snow, the cross polarized VH probably also reacts to a shift from volume scatter in dry snow to surface scatter on wet snow. This might increase the capability of VH to distinguish the active melt with liquid water concentrated at the snow surface from liquid water co-existing with the snow pack in vegetation or bare soils.
In addition to bare ground and water, previous research has also demonstrated the sensitivity of TSX (VV/HH polarized) data to the presence of Arctic shrubs and vegetation communities in summer [83] , as well as in winter under a dry snow cover [84] . Under both conditions, backscatter is expected to increase with higher shrub density because the fraction of volume scattering increases with taller vegetation. In the case of shrubs that protrude through the snow, backscatter could increase through higher volume scatter and decrease the drop of backscatter between dry snow and wet snow images. As a consequence, the algorithm would detect no snow even though snow is still present between and underneath the shrubs.
Previous research has shown that refreezing of the surface layer can increase the backscatter signal because of the change in dielectric properties of the frozen layer [43, 85] . This was also confirmed by our analysis of backscatter dynamics. Particularly, the X-band can be sensitive to refreezing snow layers because of its short wavelength and minimal penetration through the frozen layer [43, 69] . In this context, the observed deviations between the 2015 as well as 2016 data from the 115 and 61 orbits in late April and early May most likely result from the difference in acquisition timing. Orbit 115 acquisitions are taking in the morning local time and 61 in the afternoon (see Table  1 ). Diurnal variations and resulting freeze thaw cycles are typical for the snowmelt period in the Arctic [12] , with typical duration of periods with diurnal freeze thaw cycling in this region being up to 2 weeks [86] . The freezing snow layers can drastically lower the detection of wet SCE when using the wet snow detection threshold of −2 dB (see Figure 7 : row 2) and, therefore, the derived FSC product if the acquisition time is during the minimum temperatures of the day (Figure 11) . The cross polarized channels in C-Band show less angular dependence than the co-polarized channels and, therefore, perform more consistently in deriving snow cover [69] .
Although there are some limitations for accurate mapping of snow cover with TSX, we were able to show that our 30 m aggregated TSX SCE product added valuable information to the characterization of 3 years of snowmelt data in Arctic catchments. In combination with optical data from Landsat 8, a complete picture of snowmelt can be drawn, including short term snow dynamics. The potential of full spatial resolution TSX in combination with an optimized speckle filter for SCE generation would open up more applications for fine scale monitoring of the impact of snow melt dynamics on ecosystem functioning in heterogeneous Arctic tundra environments.
Conclusions
The results of this study highlight the potential of TerraSAR-X X-Band to improve and complement existing optical based snow cover products by increasing the temporal resolution of snow cover measurements. We identified the VH channel as the best performing polarization channel. When we used common thresholds of −2 and −2.3 dB on TSX images, SCE was strongly underestimated when compared to Landsat 8 SCE maps, while a threshold of 1 dB produced very comparable results to Landsat 8 SCE. The VH polarization used with a threshold of 1 dB also showed an advantage by detecting reduced backscatter due to wet snow as well as increased backscatter due to ice layers. The positive threshold and detection of ice layers resulted in the detection of late lying snow patches that Landsat 8 did not capture due to the lower reflectance of old snow. Differences in the incidence angle did not seem to have a strong effect on the accuracy of the SCE, though local topography and resulting incidence angle likely led to false snow detection in the co-polarized channels. The TSX data provides a significantly higher temporal resolution than that available with Landsat 8 data alone. This provides a much more complete temporal picture of snowmelt dynamics than the optical data which, due to data gaps as a result of cloud cover, generally indicates only the onset and end of snowmelt. Using both in situ time lapse camera data and TSX imagery, we could show that depending on catchment topography, different temporal patterns of snowmelt exist. A studied catchment with a higher tundra upland contribution showed faster snowmelt than a catchment with a higher contribution of incised valleys. Overall, we conclude that a multi-source approach using conventional optical data in combination with high spatiotemporal resolution SAR in X-Band and in situ time lapse camera data is very well suited to study rapid snowmelt in small Arctic catchments.
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